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Motivated by a possible anomaly in the forward-backward (FB) asymmetry of top quark (AFB)
observed at the Tevatron, we perform a model independent analysis on qq¯ → tt¯ using an effective
lagrangian with dim-6 four-quark operators. We derive necessary conditions on new physics struc-
tures and the couplings that are consistent with the tt¯ production cross section and AFB measured at
the Tevatron, and discuss possible new physics scenarios that could generate such dim-6 operators.
1. Top physics has entered a new era after its first dis-
covery, due to the high luminosity achieved at the Teva-
tron. Most recent results on the top mass and the tt¯
production cross section (CDF and D0 Collaborations
combined analysis) are: mt = (171.3 ± 1.3) GeV and
σtt¯ = (7.50± 0.48) pb, respectively [1].
The forward-backward asymmetry AFB of the top
quark is one of the interesting observables related with
top quark. Within the Standard Model (SM), this asym-
metry vanishes at leading order in QCD because of C
symmetry. At next-to-leading order [O(α3s)], a nonzero
AFB can develop from the interference between the Born
amplitude and two-gluon intermediate state, as well as
the gluon bremsstrahlung and gluon-(anti)quark scatter-
ing into tt¯, with the prediction AFB ∼ 0.078 [2]. The
measured asymmetry has been off the SM prediction by
2σ for the last few years, albeit a large experimental un-
certainties. The most recent measurement in the tt¯ rest
frame is [1]
AFB ≡ Nt(cos θ ≥ 0)−Nt¯(cos θ ≥ 0)
Nt(cos θ ≥ 0) +Nt¯(cos θ ≥ 0)
= (0.24±0.13±0.04)
(1)
with θ being the polar angle of the top quark with respect
to the incoming proton in the tt¯ rest frame. This ∼ 2σ
deviation stimulated some speculations on new physics
scenarios [3–9].
On the other hand, search for a new resonance decay-
ing into tt¯ pair has been carried out at the Tevatron.
As of now, there is no clear signal for such a new res-
onance [1]. Therefore, in this letter, we assume that a
new physics scale relevant to AFB is large enough so that
production of a new particle is beyond the reach of the
Tevatron, which makes a key difference between our work
and other literatures on this subject [3–9]. Then it is ade-
quate to integrate out the heavy fields, and we can adopt
a model independent effective lagrangian approach in or-
der to study new physics effects on σtt¯ and AFB. The
resulting effective lagrangian will be an infinite tower of
local operators containing light quark (q = u, d, s, c, b),
(anti)top quark (t and t) and gluon fields. At the Teva-
tron, the tt¯ production is dominated by qq¯ → tt¯, and it
would sufficient to consider dimension-6 four-quark oper-
ators (the so-called contact interaction terms) to describe
the new physics effects on the tt¯ production at the Teva-
tron. Note that similar approach was adopted for the
dijet production to constrain the composite scale of light
quarks, and we are proposing the same analysis for the
tt¯ system. We will also speculate underlying new physics
which could induce the relevant dim-6 operators in the
second half of this work.
2. If new physics scale is high enough, then their
effects on the tt¯ production at the Tevatron can be
described by dim-6 effective lagrangian. Since the
SU(3)C × SU(2)L × U(1)Y symmetry has been well es-
tablished for the light quark system, we assume that
SU(2)L × U(1)Y symmetry is linearly realized on the
light quark system. And we impose the custodial sym-
metry SU(2)R for the light quark sector. Under these
assumptions, the dimension-6 operators relevant to the
tt¯ production at the Tevatron are
L6 = g
2
s
Λ2
∑
A,B
[
CAB1q (q¯AγµqA)(t¯Bγ
µtB)
+ CAB8q (q¯AT
aγµqA)(t¯BT
aγµtB)
]
(2)
where T a = λa/2, {A,B} = {L,R}, and L,R ≡
(1 ∓ γ5)/2 with q = (u, d)T , (c, s)T [18]. Using this ef-
fective lagrangian, we calculate the cross section up to
2O(1/Λ2), keeping only the interference term between the
SM and new physics contributions. In this case, we can
safely neglect the flavor changing dim-6 operators such
as dRγ
µsRtRγµtR, because they do not interfere with the
SM QCD amplitude.
The above effective lagrangian was also discussed in
Ref. [10], where the t quark was treated as SU(2)L ×
SU(2)R singlet and top currents were decomposed into
vector and axial vector currents, rather than chirality ba-
sis as in our case. If we include tL in (2), we better work
in terms of Q3L ≡ (tL, bL)T , since they forms an SU(2)L
doublet. Then we have to consider bb¯ too. Note that the
bb¯ cross section agrees well with the SM predictions, and
there are no data on the FB asymmetry of bottom quark
at hadron colliders. We can avoid the complication from
bb¯ system, assuming that only tR appears in the above
effective lagrangian. In fact, there are a number of new
physics scenarios, where tR (and/or Higgs) is (partially)
composite [11]. Then among the dim-6 four-quark opera-
tors, those who have tR and t¯R would be most important
at low energy. The case of composite tR can be addressed
by choosing CLL1q = C
RL
1q = C
LL
8q = C
RL
8q = 0
3. It is straightforward to calculate the amplitude for
q(p1) + q¯(p2)→ t(p3) + t¯(p4)
using the above effective lagrangian and the SM. The
squared amplitude summed (averaged) over the final (ini-
tial) spins and colors is given by
|M|2 ≃ 4 g
4
s
9 sˆ2
{
2m2t sˆ
[
1 +
sˆ
2Λ2
(C1 + C2)
]
s2
θˆ
+
sˆ2
2
[(
1 +
sˆ
2Λ2
(C1 + C2)
)
(1 + c2
θˆ
) + βˆt
(
sˆ
Λ2
(C1 − C2)
)
c
θˆ
]}
(3)
where sˆ = (p1 + p2)
2, βˆ2t = 1 − 4m2t/sˆ, and sθˆ ≡ sin θˆ
and c
θˆ
≡ cos θˆ with θˆ being the polar angle between
the incoming quark and the outgoing top quark in the
tt¯ rest frame. And the couplings are defined as: C1 ≡
CLL8q + C
RR
8q and C2 ≡ CLR8q + CRL8q [19]. Since we have
kept only up to the interference terms, there are no con-
tributions from the color-singlet operators with coupling
CAB1q . The first (second) term is for the production of top
quarks with the same (different) helicities. The term lin-
ear in cos θˆ could generate the forward-backward asym-
metry which is proportional to ∆C ≡ (C1 − C2). Note
that both light quark and top quark should have chiral
couplings to the new physics in order to generate AFB at
the tree level (namely ∆C 6= 0). Therefore there could
be parity violation in the four-quark operators with light
quarks only, depending on the underlying physics. Since
the SM neutral weak current effect is order of g22/m
2
Z , it
would be safe if g2sC/Λ
2 <∼ g22/m2Z , which is not so diffi-
cult to achieve. This parity violation, if large, could be
observed in the nonzero (anti)top spin polarization [12].
We convolute the parton level cross section with
CTEQ6L parton distribution functions with factorization
and renormalization scale equal tomt = 172.5 GeV in or-
der to get the cross sections and compared with the data
from the Tevatron. The QCD corrections are taken into
account by the K factor (K = 1.3) for the SM contri-
butions in the total cross section. When we calculate
the FB asymmetry, we use the LO results for the cross
section.
In order to estimate the validity of our description
based on effective lagrangian up to dimension 6 opera-
tors, we have to estimate the effects of the ignored dim-8
operators to the tt¯ production at the Tevatron. For this
purpose, we calculate the amplitude squared from the ef-
fective lagrangian (2), see Appendix, and consider it as
the rough estimate of dim-8 operators, by comparing it
to its interference term with the SM amplitude as well
as to the SM amplitude squared. We note that, without
considering all the possible dim-8 operators explicitly, the
criterion adopted here for the validity of our description
should not be unambiguous, and intrinsically qualitative
rather than quantitative.
We find that the amplitude squared of dim-6 operators
does not show simple dependence on the Wilson coeffi-
cients as the interference term. Moreover, it includes
additional contribution from the color-singlet operator
which is proportional to (CAB1q )
2 and enhanced by the fac-
tor 9/2 compared to the color-octet contribution. Since
the color-singlet operators do not interfere with the SM
ones, we set CAB1q = 0 and consider the validity region of
our approach.
There are 3 inequalities we can consider:
σint < rσSM, (4)
σNP < rσint, (5)
σNP < r
2σSM, (6)
where σint is the interference between the SM and the
dim-6 operators, and σNP is the contributions solely from
the dim-6 operators. The parameter r, a kind of fuzzy
factor, measures the ratio of the subleading term to the
leading σSM (SM contribution), and we take r = 0.3, 0.5
and 1.0 in the following. We vary the couplings CAB8q in
the range between −10 and +10, and find the regions
that satisfy the above inequalities.
3-10
-5
 0
 5
 10
-10 -5  0  5  10
C
2 
 
(1 
Te
V/
Λ)
2
C1  (1 TeV/Λ)2
σ = 7.02 pb
σ = 7.98 pb
A F
B
 =
 0
.3
8
A F
B
 =
 0
.1
0
I
II
III
IV
FIG. 1: The region in (C1, C2) plane that is consistent with the Tevatron data at the 1σ level: σtt¯ = (7.50 ± 0.48) pb and
AFB = (0.24 ± 0.13 ± 0.04). Also shown are the boundaries of the validity regions described in the text taking r = 0.3
(magenta), 0.5 (blue) and 1 (black). The straight lines are from the inequality Eq. (4), the circles and their mirror images from
the inequality Eq. (5), and the ellipses centered at the origin from Eq. (6).
The first inequality constrains the parameter space to
the band around C1 + C2 = 0. The 2nd relation implies
that the contributions from dim-8 operators are smaller
than the dim-6 operators, and should be a good estimate
in most cases. However, in our case, the interference
σint is vanishing along the line C1 + C2 = 0, and we
can not rely on the inequality, Eq. (5). Therefore we also
impose the 3rd inequality, Eq. (6), which is relevant when
σNP ∝ (C1 +C2) ≈ 0, and the constraint is the elliptical
shape centered at the origin. Note that we impose the
inequalities either (5) or (6) as the validity region, since
we cannot apply the inequality (5) around the line C1 +
C2 = 0.
In Fig. 1, we show the allowed region in the (C1, C2)
plane that is consistent with the Tevatron data at the 1σ
level: σtt¯ = (7.50 ± 0.48) pb and AFB = (0.24 ± 0.13 ±
0.04). The allowed region is around 0 <∼ C1 <∼ 4 and
−4 <∼ C2 <∼ +0.5. The negative sign of C2 is preferred
at the 1 σ level. The validity region described in the
previous paragraph is indicated in magenta, blue, black
for r = 0.3, 0.5 and 1, respectively. The straight line is
from the inequality Eq. (4), the circles and their mirror
images are from the inequality Eq. (5), and the ellipse
centered at the origin is from Eq. (6). Note that our
effective lagrangian approach based on dim-6 operators
is valid in an ample parameter space.
In Fig. 2 (a), we show the
√
sˆ = Mtt¯ distributions for
four different values of (C1, C2) corresponding to the four
corners of the allowed region in Fig. 1, as well as the SM
prediction. The Mtt¯ distribution depends only on σtt¯,
and there is no informations on the chiral structure be-
cause we have integrated out the angular dependence as
well as new heavy degrees of freedom that could modify
qq¯ → tt¯.
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FIG. 2: (a) The Mtt¯ distribution for the points I,II,III, IV
and the SM and (b) the spin-spin correlations C and CFB.
4. Another interesting observable which is sensitive to
the chiral structure of new physics affecting qq¯ → tt¯ is
the top quark spin-spin correlation [13]:
C =
σ(tL t¯L + tRt¯R)− σ(tL t¯R + tRt¯L)
σ(tL t¯L + tRt¯R) + σ(tL t¯R + tRt¯L)
. (7)
This quantity depends on the spin quantization axis, and
there are three different axes that are mostly used: the
beam axis, the top direction (helicity basis), and the off-
diagonal axis. At leading order, the SM prediction is
C = −0.471 for the helicity basis which we choose in this
work. It is known that NLO correction to C is rather
large, shifting C to −0.352 [13], but it is beyond the
scope of this work to pursue this issue further here.
Recently the top spin-spin correlation was measured
by both CDF and D0 Collaborations at the Tevatron
[14]. Using the off-diagonal axis as the quantization
axis in order to maximize the spin-spin correlation, they
found C = 0.32+0.55
−0.78 (CDF dilepton mode), C = 0.60 ±
0.50(stat) ± 0.16(syst) (CDF lepton + jets mode), and
C = −0.17+0.64
−0.53 (D0 dilepton mode). The data are
consistent with the SM prediction C = 0.78 (for the
off-diagonal basis), albeit rather large uncertainties. It
would be interesting if the SM prediction is confirmed or
not with more accumulated data in the future.
Since new physics must have chiral couplings both to
light quarks and top quark, the spin-spin correlation de-
fined above will be affected. From Eqs. (3) and (7), it is
clear this correlation is sensitive to (C1 + C2), since the
linear term in cos θˆ does not contribute to the correla-
tion C after integration over cos θˆ. On the other hand,
if one considers the forward and the backward regions
separately, the spin-spin correlation would depend on
(C1−C2) and will be closely correlated with AFB. There-
fore we propose a new spin-spin FB asymmetry CFB de-
fined as
CFB ≡ C(cos θ ≥ 0)− C(cos θ ≤ 0), (8)
where C(cos θ ≥ 0(≤ 0)) implies the cross sections in
the numerator of Eq. (7) are obtained for the forward
(backward) region: cos θ ≥ 0(≤ 0). This quantity can be
measured by dividing the tt¯ sample into the forward top
and the backward top events. In Fig. 2 (b), we show the
contour plots for the C and CFB in the (C1, C2) plane
along with the SM prediction at LO. Note that there is a
clear correlation between CFB and AFB in Fig. 1, which
must be observed in the future measurements if the AFB
anomaly is real and a new particle is too heavy to be
produced at the Tevatron.
5. So far, we considered dim-6 four-quark operators
that could affect the tt¯ productions at the Tevatron,
and found the necessary conditions for accommodating
AFB. Now we study specific new physics that could gen-
erate the relevant dim-6 operators with corresponding
Wilson coefficients. It is impossible to exhaust all the
possibilities, and we consider the following interactions
of quarks with spin-1 flavor-conserving (FC) color-octet
V a8 vectors, spin-1 flavor-violating (FV) color-singlet V˜1
and color-octet V˜ a8 vectors, and spin-0 FV color-singlet
S˜1 and color-octet S˜
a
8 scalars (A = L,R):
Lint = gsV aµ8
∑
A
[
gA8q(q¯AγµT
aqA) + g
A
8t(t¯AγµT
atA)
]
+gs
[
V˜ µ1
∑
A
g˜A1q(t¯AγµqA) + V˜
aµ
8
∑
A
g˜A8q(t¯AγµT
aqA) + h.c.
]
+gs
[
S˜1
∑
A
η˜A1q(t¯Aq) + S˜
a
8
∑
A
η˜A8q(t¯AT
aq) + h.c.
]
, (9)
where q denotes light quarks (either u or d depending on
the models). This interaction lagrangian encompasses
many models beyond the SM, and makes a good starting
point to study the underlying mechanism for the effec-
tive lagrangian discussed earlier. If the spin-1 particle
has both the FC and FV interactions, we set V µ8 = V˜
µ
8 .
The axigluon model [15] corresponds to flavor universal
chiral couplings: gL8q = g
L
8t = −gR8q = −gR8t = 1. The
model in Ref. [6] has a new gauge boson Z
′
with dominant
couplings to the u and t quarks, which in our language
corresponds to V˜1 = Z
′
and gsg˜
R
1q = gX ignoring the FC
coupling. The model in Ref. [7] has a new charged gauge
5boson W±
′
, which is obtained in our case by V˜1 = W
′
and gsg˜
A
1q = g
′
gA for A = L or R, respectively. In some
RS scenarios, one can have large flavor mixing in the
right-handed quark sector [16]: gL8q = g
R
8q = g
R
8b ≃ −0.2,
gL8t = g
L
8b ≃ (1 ∼ 2.8), gR8t ≃ (1.5 ∼ 5), g˜L8q ≃ Vtq and
g˜R8q ≃ 1.
After integrating out the heavy vector and scalar fields,
we obtain the Wilson coefficients as follows:
CLL8q
Λ2
= − 1
m2V
gL8qg
L
8t −
1
m2
V˜
[
2|g˜L1q|2 −
1
Nc
|g˜L8q|2
]
,
CRR8q
Λ2
= − 1
m2V
gR8qg
R
8t −
1
m2
V˜
[
2|g˜R1q|2 −
1
Nc
|g˜R8q|2
]
,(10)
CLR8q
Λ2
= − 1
m2V
gL8qg
R
8t −
1
m2
S˜
[
|η˜L1q|2 −
1
2Nc
|η˜L8q|2
]
,
CRL8q
Λ2
= − 1
m2V
gR8qg
L
8t −
1
m2
S˜
[
|η˜R1q|2 −
1
2Nc
|η˜R8q|2
]
,
where mV (mV˜ ) and mS˜ denote the masses of vectors
V8 (V˜i) and scalars S˜i (i = 1, 8), respectively.
Another interesting possibility is minimal flavor vio-
lating interactions of color-triplet Sγk with mass mS3 and
color-sextet scalars Sαβij with mass mS6 with the SM
quarks [17]. Here α, β, γ and i, j, k are color and fla-
vor indices, respectively. For example, if we consider the
following interactions (Model V and VI in Ref. [17]),
L = gs
[η3
2
ǫαβγǫ
ijkuαiRu
β
jRS
γ
k+η6u
α
iRu
β
jRS
αβ
ij +h.c.
]
(11)
the u−channel exchange of new scalars can contribute to
uu¯→ tt¯, resulting in [20]
CRR8u
Λ2
= −|η3|
2
m2S3
+
2|η6|2
m2S6
. (12)
Since these new scalars couple only to the right-handed
up-type quarks, constraints on the couplings η3 and η8
from flavor physics are rather weak, and one can accom-
modate the observed AFB easily.
In Table I, we show the new particle exchanges under
consideration and the couplings C1, C2 induced by them.
We found that the four types of exchanges of V8, V˜8,
S˜1, and S
αβ
13 could give rise to the large positive AFB at
the 1-σ level. Among them, the following three types of
couplings are more or less fixed as:
V˜8 :
1
Nc
(
1TeV
mV˜
)2 (|g˜L8q|2 + |g˜R8q|2) ≃ 0.76 ,
S˜1 :
(
1TeV
mS˜
)2 (|η˜L1q|2 + |η˜R1q|2) ≃ 0.62 ,
Sαβ13 : 2
(
1TeV
mS6
)2
|η6|2 ≃ 0.76 . (13)
For the case of V8, Fig. 3 shows the 1-σ favored regions of
the couplings in the (gL8t, g
R
8t) plane for several choices of
rq ≡ gR8q/gL8q taking gL8q = 1. We observe that the regions
lie along the direction of gL8t = −gR8t and gL8t/gL8q tends
to be positive (negative) for rq > 1 (rq < 1). Note that
rq = 1 is not allowed because ∆C = 0 and the constraint
from σtt¯ disappears when rq = −1, since C1 + C2 = 0.
It would be interesting to search for new vector or scalar
particles that satisfy the above conditions at LHC.
A caution is in order. The second row with V˜1 in Table
I is shown to be disfavored, which seems to be contradic-
tory to the results of Refs. [6, 7] where new particles
were assumed to be light. However this is not the case,
since we took a heavy new particle limit ( far below the
new particle mass scale, sˆ, tˆ ≪ m2
V˜
) in order to derive
CAB8q ’s, though we began with the full amplitudes using
the above interaction lagrangian which are the same as
the amplitudes in Refs. [6, 7]. Therefore our results can
not be in conflict with the claims of Refs. [6, 7]. Rather,
our results simply imply that a color-singlet spin-1 ob-
ject cannot accommodate the AFB if it is too heavy to
be directly produced at the Tevatron. In other words,
one has to consider a light V˜1 scenario, where V˜1 has to
be light enough (∼ O(100) GeV) as in Refs. [6, 7], and
then our effective lagrangian approach is not applicable
for such a light V˜1.
On the other hand, a new particle with different quan-
tum numbers (color, spin and flavor mixings) can affect
the AFB, even if it is too heavy to be produced directly
at the Tevatron. As an example, one can consider the
color-sextet case in order to make clear our point. In
this case, only CRR8u (and C
RR
1u which is irrelevant in the
interference) is nonzero, and we have C2 = 0. Then Fig. 1
indicates that a very heavy color-sextet can enhance AFB
roughly up to ∼ 12% at the 1σ deviation in the total cross
section σtt¯ to the larger value. For the color antitriplet
case, the signs of CRR8u and C1 are opposite to the color
sextet case [ see Eq. (12) ], and the resulting AFB is less
than the color-sextet case, with affecting σtt¯ in the lower
value. These tendency can be shown to be consistent with
the calculations based on the full amplitudes [6, 7, 12].
In order to increase AFB more, there would be a strong
tension with the total cross section σtt¯, if a new physics
scale is beyond the reach of Tevatron. However this ten-
sion might be avoided (or lessened) if the new particle
is light enough, and we should not rely on the effective
lagrangian approach for this case. One can understand
other entries of Table I in the similar fashion.
For more quantitative discussions, we have to study
the full amplitude and compare the results with our ef-
fective lagrangian approach, and investigate the valid-
ity region of the effective lagrangian approach model by
model. This is clearly beyond the scope of the present
work, and the detailed study will be presented in the
future work [12].
6. In this letter, we performed a model independent
study of tt¯ productions at the Tevatron using dimension-
6TABLE I: New particle exchanges and the signs of induced
couplings C1 and C2
New particles couplings C1 C2 1 σ favor
V8 (spin-1 FC octet) g
L,R
8q,8t indef. indef.
√
V˜1 (spin-1 FV singlet) g˜
L,R
1q − 0 ×
V˜8 (spin-1 FV octet) g˜
L,R
8q + 0
√
S˜1 (spin-0 FV singlet) η˜
L,R
1q 0 −
√
S˜8 (spin-0 FV octet) η˜
L,R
8q 0 + ×
Sα2 (spin-0 FV triplet) η3 − 0 ×
S
αβ
13
(spin-0 FV sextet) η6 + 0
√
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FIG. 3: The 1-σ favored region of the couplings for the ex-
changes of the spin-1 FC color-octet vector bosons V8.
6 contact interactions relevant to qq¯ → tt¯. We de-
rived conditions for the couplings of four-quark operators
that could generate the FB asymmetry observed at the
Tevatron [Fig. 1]. Then we considered the s−, t− and
u−channel exchanges of spin-0 and spin-1 particles whose
color quantum number is either singlet, octet, triplet or
sextet. Our results in Eqs. (10), (12), and (13) and Fig. 3
encode the necessary conditions for the underlying new
physics in a compact and an effective way, when those
new particles are too heavy to be produced at the Teva-
tron but still affect AFB. If these new particles could
be produced directly at the Tevatron or at the LHC, we
cannot use the effective lagrangian any more. We have
to study specific models case by case, and anticipate rich
phenomenology at colliders as well as at low energy. De-
tailed study of these issues lies beyond the scope of this
letter, and will be discussed in the future publications
[12].
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Appendix
In this Appendix, we present the explicit form of
the amplitude squared from the effective lagrangian (2),
which is used to calculate σNP, as follows:
|MNP|2 = 4g
4
s
9sˆ2
sˆ2
4Λ4
{[
9
(
(CLL1q )
2 + (CRR1q )
2
)
+ 2
(
(CLL8q )
2 + (CRR8q )
2
)] (
uˆ−m2t
)2
+
[
9
(
(CRL1q )
2 + (CLR1q )
2
)
+ 2
(
(CRL8q )
2 + (CLR8q )
2
)] (
tˆ−m2t
)2
+
[
9
(
CLL1q C
LR
1q + C
RR
1q C
RL
1q
)
+ 2
(
CLL8q C
LR
8q + C
RR
8q C
RL
8q
)] (
2sˆm2t
)}
, (1)
where uˆ−m2t = −sˆ (1 + βˆtcθˆ)/2 and tˆ−m2t = −sˆ (1− βˆtcθˆ)/2.
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